On 30 and 31 May 2019, tornadoes occurred in the cities of Los Angeles and Talcahuano/Concepción in southcentral Chile, in a region where tornado activity is not common. The main goal of this study was to analyze these tornadoes across multiple scales: synoptic, mesoscale, and subseasonal. On the synoptic scale, the tornadoes were associated with an anomalous 500-hPa trough and associated surface cyclone to the west of Chile. A strong (20+ m s −1 ) low-level jet accompanied this trough, potentially enhanced by flow blocking by the Andes. A relatively warm and saturated surface layer combined with cold upper-level temperatures in the trough to yield 200-500 J kg −1 of CAPE on both days. This CAPE was accompanied by high levels of both deep-layer and lowlevel shear. Storm motions inferred by lightning swaths and GOES-IR imagery, along with estimates of storm motion and updraft helicity from a high-resolution WRF simulation, suggested this CAPE-shear combination was sufficient for the tornadic thunderstorms to be supercells. Finally, anomalies of sea level pressure, 500-hPa height, and surface dew point temperature from 27 to 31 May 2019 resembled long-term composite anomalies for MJO phases 1 and 2, suggesting a subseasonal link between the extreme event in Chile and convection in the tropics.
Introduction
The basic ingredients for deep, moist convection have been known for several decades: moisture, instability, and a source of lift (Doswell III et al., 1996) . In the presence of vertical wind shear, the probability of a thunderstorm becoming severe increases (Weisman and Klemp, 1982) , and many damaging tornadoes are often associated with severe storms in high-shear, high-buoyancy environments (Davies-Jones, 1986) . Environments not characterized by high values of convective available potential energy (CAPE) or vertical wind shear receive less attention, but they can still support severe weather and tornadoes (Monteverdi and Quadros, 1994) . Tornadic thunderstorms have been observed in so-called "high-shear, low-CAPE" environments in southern Australia (Hanstrum et al., 1998; Allen and Karoly, 2014) , California (Hanstrum et al., 2002; Monteverdi et al., 2003) , the U.S. southeast (Sherburn and Parker, 2014) , and the British Isles (Mulder and Schultz, 2015) , but there is currently no literature that suggests a threat of tornadoes from those conditions in Chile. Nevertheless, environments characterized by surface-based CAPE ≤500 J kg −1 and 0-6-km shear > 18 m s −1 were identified as one such "key subclass" of severe weather that merits attention because it tends to be overlooked by forecasters (Schneider et al., 2006) , especially because tornadoes are possible within a broad spectrum of CAPE and shear combinations (Schneider and Dean, 2008) .
The favorability of different combinations of CAPE and shear on severe weather was investigated globally by Brooks et al. (2003) , and for the U.S. and Europe by Brooks et al. (2007) and Brooks (2009) . Those studies generally note the ability of CAPE and 0-6-km bulk shear to collectively discriminate between severe and non-severe thunderstorm environments (Turcotte and Vigneux, 1987) . Shear in the 0-1-km level and the surface lifting condensation level (LCL) were also identified as parameters that can discriminate storm severity. These and similar dynamic and thermodynamic parameters that favor tornadoes and severe thunderstorms were also identified by Rasmussen and Blanchard (1998) , Rasmussen (2003) , Craven and Brooks (2004) , Shafer et al. (2012) . In general, higher values of CAPE, deep-layer (0-6 km) and low-level (0-1 km) shear, along with higher values of storm-relative helicity (SRH) and lower values of LCL height, all favor thunderstorms with the potential to produce tornadoes. Nevertheless, the primary emphasis in most tornado-parameter studies has been on supercells, particularly the supercell storm mode in the U.S. Great Plains, and there, the median value of CAPE tends to be high (≥ 2000 J kg −1 ). Other storm modes with typically lower values of CAPE, including quasi-linear convective systems, can also be associated with tornadoes (Trapp et al. 2005) . As Brooks et al. (2003) note in their global climatology, oftentimes local factors -particularly topographycan modify the local conditions, thus creating environments favorable for low-level mesocyclones and tornadoes that might otherwise be missed. This is particularly important when tornadoes occur in regions heretofore thought to not be favored for tornadoes (Brooks et al., 2019) , which is the case for south-central Chile (35-40°S) . As argued by Hanstrum et al. (2002) , there remains a need to increase our understanding of environments in which unusual tornadoes occur, and particularly so for regions with complex topography that tend to experience low-CAPE, high-shear conditions. Case studies such as this one serve to highlight the synoptic and mesoscale conditions under which those unusual tornadoes form, thus providing important context to forecasters looking to anticipate the next event.
Finally, there is an emerging body of literature that suggests convective weather events are sometimes connected to the evolution of the atmosphere on the subseasonal time scale (Thompson and Roundy 2013; Barrett and Gensini, 2013; Gensini and Marinaro, 2016; Baggett et al., 2018; Tippett, 2018; Gensini et al., 2019) . Those studies have most often focused on the role of the Madden-Julian Oscillation (MJO; Madden and Julian, 1972) and Global Wind Oscillation (Weickmann and Berry, 2009 ) as drivers of tornado activity in the midlatitudes via the interaction of the extratropical circulation and Rossby waves emanating from tropical convection. Because some phases of the MJO have been shown to statistically favor different weather patterns in Chile (Barrett et al., 2012a; Barrett et al., 2012b; Ragsdale et al., 2013; Marin and Barrett, 2017; Rondanelli et al., 2019) , it is important to examine this case of extreme weather in the subseasonal context. Information on subseasonal drivers of tornadoes could thus provide guidance concerning the predictability of future similar events.
The goals of this study are as follows: (1) we first examine the synoptic-scale conditions leading up to the tornado events in south-central Chile of 30 and 31 May 2019, with the aim to establish the synoptic patterns that were associated with the tornadoes; (2) we then use a numerical model to analyze the mesoscale severe-weather parameters present during each tornado, with the aim to compare the values of those parameters to values known to be favorable for tornadoes in other areas of the world; and (3) we finally explore the subseasonal state of the atmosphere in the weeks leading up to the tornadoes, with the aim to compare the conditions of May 2019 with the climatological base state observed during similar phases of one of the leading modes of subseasonal atmospheric variability, the MJO. The remainder of this article is organized as follows: the datasets, numerical simulation details, and methods used in the analysis are presented in section two; results of the synoptic, mesoscale, and subseasonal analyses of the two tornado events are presented in section three; and a summary and discussion are presented in section four.
Data and methods

Synoptic-scale environment
The synoptic-scale conditions leading up to the two tornado events were analyzed using the following data sets. First, 500-hPa geopotential heights and u-and v-wind components, 10-m wind u-and v-wind components, mean sea level pressure (MSLP), 2-m dew point, surfacebased CAPE, and 850-hPa u-and v-wind components were taken from the Climate Forecast System Reanalysis version 2 (CFSRv2; Saha et al., 2011 , available at https://rda.ucar.edu/datasets/ds094.0/) at 0.5°x 0.5°lat-lon grid spacing at 6-h intervals from 0000 UTC 25 May 2019 to 02 June 2019. Anomalies of each variable were calculated by subtracting the 1981-2010 long-term May-June mean (also available for download from the CFSRv2 website) from the value of each variable at each synoptic hour (00, 06, 12, and 18 UTC). Because 2-m dew point temperature tends to exhibit a diurnal cycle (with higher values in the day and lower at night), anomalies of 2-m dew point were calculated separately at each synoptic hour by subtracting the long-term mean for the corresponding synoptic hour. Furthermore, because the tornadoes analyzed in this study occurred right at the end of May, long-term monthly means for both May and June were averaged together, then used to calculate the anomalies. Equivalent potential temperature (θ e ) at two meters above ground level was calculated using the methodology of Davies-Jones (2008) , who based their calculations mainly on the method of Bolton (1980) . Second, daily values of sea surface temperature from 25 May to 02 June 2019 at 0.25°x 0.25°lat-lon grid spacing were taken from the NOAA OISSTv2 (Reynolds et al., 2007) dataset (available at https://www.esrl.noaa.gov/psd/data/gridded/ data.noaa.oisst.v2.highres.html), and SST anomalies for each day were calculated by subtracting the long-term Finally, surface observations of 2-m temperature, 2-m dew point temperature, 10-m wind speed and direction, and MSLP were analyzed every 5 min from two surface observing stations: Los Angeles (37.45°S, 72.28°W) and Concepción (the Carriel Sur International Airport, 36.77°S, 73.06°W), both from 0000 UTC 28 May 2019 to 1600 UTC 01 June 2019 (available from https://climatologia.meteochile.gob.cl/).
WRF model simulation
Mesoscale conditions local to each tornado were analyzed using output from the Weather Research and Forecasting (WRF) Model (Skamarock and Coauthors, 2019 ) version 4.0. WRF is a three-dimensional non-hydrostatic regional numerical weather prediction model used for research and operational forecasting. The simulation was performed using three nested domains with horizontal resolutions of 9, 3, and 1 km ( Fig. 1) , 55 irregularly spaced vertical sigma levels, and a 50-hPa model top. The simulation was initialized at 0000 UTC 28 May 2019 and was run until 1200 UTC 01 June 2019. Initial and boundary conditions (every 6 h) were provided by the National Centers for Environmental Prediction (NCEP) Final (FNL) Analysis at 0.25°x 0.25°degree horizontal grid spacing. An analysis nudging was applied to the coarsest domain (9 km horizontal resolution) to prevent the regional simulation from departing too much from the large-scale atmosphere provided by the FNL. Outputs from domains 2 and 3 were saved every 5 min. Because the CAPE, shear, and reflectivity from domains 2 and 3 were all very similar, output from the larger domain (domain 2) will be used for spatial and cross-section plots, and output from the inner domain (domain 3) will be used for point values.
The following physical parameterizations were used in the WRF simulation: the T microphysics scheme (Thompson et al., 2008) , the four-layer Noah-MP land surface model (Niu et al., 2011) , the Rapid Radiative Transfer Model (RRTMG, Iacono et al., 2008) parameterization for shortwave and longwave radiation, and the Mellor-Yamada Nakanishi Niino (MYNN, Nakanishi and Niino, 2006) Level 2.5 parameterization for the planetary boundary layer. Additionally, the Betts-Miller-Janjic (Janjic, 1994) cumulus parameterization was used for the coarser domain (9 km), and no cumulus parameterization was applied to the two nested grids.
Subseasonal conditions
The subseasonal context of the two tornadoes was evaluated by comparing the conditions observed at the surface (MSLP and 2-m dew point temperature) and middle troposphere (500-hPa height) during late May 2019 with the average conditions seen in composite analyses based on the phases of the MJO. For this analysis, the NCEP-NCAR Reanalysis (Kalnay et al., 1996) was used to calculate synoptic-to-intraseasonal anomalies for the period May-June 1981-2019, and 2-m dew point temperature was calculated from the NCEP-NCAR Reanalysis following the approximation of Lawrence (2005) . Anomalies of each variable were calculated by subtracting from the absolute values the 1981-2010 annual cycle and the respective seasonal anomaly for each year (e.g. for 2019, the 2019 May-June departure from the 1981-2010 May-June mean), following the methodology of Jacques-Coper et al. (2015) . The phase and amplitude of the MJO was determined using the daily Wheeler and Hendon (2004)) Real-time Multivariate MJO (RMM) index (available http://www.bom.gov.au/climate/mjo/graphics/rmm. 74toRealtime.txt). The RMM index is a time series of the first two leading principal components (RMM1 and RMM2) derived from empirical orthogonal functions of equatorially averaged (15°S-15°N) 850-hPa zonal wind, 200-hPa zonal wind, and outgoing longwave radiation. The RMM index is divided into eight phases, with each phase corresponding broadly to the geographic location of the MJO enhanced convective signal. For this study, an active MJO was considered as one with an amplitude (RMM1 2 + RMM2 2 ) 0.5 > 1.0.
Results
Event evolution on the synoptic scale
On 30 May 2019 from approximately 2157-2205 UTC (1757-1805 local time), a tornado moved through the northeastern part of the city of Los Angeles, Chile (population approximately 130,000, altitude 140 m above sea level, 37.45°S, 72.33°W). The tornado was observed by multiple residents, several of whom filmed portions of it and shared those videos on social media platforms. A formal analysis by the Chilean National Weather Service (DMC, following its acronym in Spanish) (Vicencio et al., 2019) , based on damage surveys conducted in the three weeks following the tornado, estimated that the tornado lasted 8 min and had a curved path of around 5 km moving primarily from north-northwest to south-southeast. The DMC's damage survey concluded the tornado in Los Angeles had a maximum intensity of EF-2 (wind speeds 178-217 km hr −1 ). On the very next day, 31 May 2019, from approximately 1800-1815 UTC (1400-1415 local time), another tornado moved through the twin cities of Talcahuano and Concepción, Chile (Chile's second-largest city with a combined population approximately 1.3 million; altitude 10-30 m above sea level; 36.82°S, 73.05°W). Similar to the tornado of the day before, multiple residents filmed the tornado, and several of those videos appeared shortly thereafter on social media platforms. The formal analysis by the DMC (Vicencio et al., 2019) determined this tornado lasted 15 min and had a curved path of around 18 km, also primarily moving from northwest to southeast. The DMC's damage survey concluded the tornado in Talcahuano/Concepción had a maximum intensity of EF-1 (wind speeds between 138 and 177 km hr −1 ).
The two tornadoes in south-central Chile occurred approximately 100 km apart, on consecutive days in a region with not only very few historical tornado records but also little expectations of such extreme phenomena (Brooks et al., 2003) . As such, it is important to consider the synoptic-scale conditions leading up to the tornado events, particularly as such awareness can aid forecasters in advance of any future tornado events. At 1200 UTC on 28 May 2019, two troughs at 500 hPa were observed, one with an axis near 95°W and a deeper one near 130°W ( Fig. 2a ). Lower-tropospheric circulation at 850 hPa was cyclonic to the east of each of these two troughs, with wind speeds approaching 20 m s −1 (Fig. 2b ). Two regions of anomalous low sea-level pressure were centered near 35°S 95°W (anomaly of −10 hPa) and 47°S 125°W (anomaly of −25 hPa) ( Fig. 2c ). As a result of the low-level cyclonic wind field, two regions of higher surface dew point temperature (10-15°C) ( Fig. 2d ) and positive θ e advection ( Fig. 2e ) extended from the subtropics (near 20°S) into the mid-latitudes (near 40°S). Finally, the 15°C SST isotherm extended roughly along 40°S on 28 May 2019, with positive SST anomalies up to 2°C extending from 110°W to 80°W, approximately ten latitude degrees either side of 40°S (Fig. 2f) . These synoptic-scale conditions (an eastward-moving trough at 500 hPa, a mid-latitude surface cyclone, southward surface and lowertropospheric flow to the east of a region of surface low pressure, positive θ e advection, and above-normal SSTs over the south-central Pacific Ocean) were also present on 29 May 2019 ( Fig. 3 ). On 30 May 2019, the day of the Los Angeles tornado, the axis of the positively-tilted 500-hPa trough was located approximately 300 km west of Chile (Fig. 4a ), and an anomalous surface low (−15 hPa) was centered near 40°S 80°W ( Fig. 4c ). Flow at 850 hPa over Los Angeles and south-central Chile was from the northwest ( Fig. 4b) , aiding in the transport of relatively warm and moist air southward ( Fig. 4d-e ). The SST anomalies remained above normal to the west of Chile (Fig. 4f ). As a result of this poleward and eastward transport, CAPE values over south-central Chile and the region extending 300 km offshore to the west were between 200 and 600 J kg −1 (Fig. 4d) . Given that the mean value of CAPE for this region in late May is between 15 and 45 J kg −1 (highest at 1800 UTC and lowest at 0600 UTC; not shown), CAPE values of 600 J kg −1 were quite unusual.
The synoptic-scale conditions present on 30 May 2019 (anomalous mid-troposphere troughing, anomalous surface low pressure, positive surface θ e advection, and low but still above-normal CAPE) are similar to the setups found in other unusual tornado cases, such as Poland (Wrona and Avotniece, 2015) , Mexico , and the United States (Hales, 1985; Sherburn et al., 2016; King et al., 2017) . One factor that is important to mention, and one that may indeed be unique for this particular geographic region, is the potential for the presence of a strong, topographically enhanced low-level jet. Flow blocking by mountains is one of the most prominent effects mountains have on the lower atmosphere (Yu and Smull, 2000) , and for the case of the Andes, under certain synoptic-scale conditions, strong low-level flow tends to develop parallel to the terrain axis (Parish, 1982) in response to an ageostrophic acceleration (Marwitz, 1987; Overland and Bond, 1993) in the along-barrier direction (Overland 1984; Lackmann and Overland, 1989) . This strong, terrain-enhanced low-level flow can develop in association with cyclonic systems as they approach the Andes (Barrett et al., 2009) , and thus can act to significantly enhance levels of low-level SRH and locally increase the probability of tornadogenesis in discrete or semi-discrete convection. For the case of Mechanicsville (New York) tornado, LaPenta et al. (2005) found that the terrain-enhanced low-level flow in eastern New York created an environment that was especially favorable for tornadic supercell development by increasing SRH. The low-level jet in that case also augmented CAPE by advecting warm, moist air poleward. On 30 May 2019, a strong low-level jet (850 hPa wind speeds of 20-25 m s −1 ) was evident in reanalysis ( Fig. 4b ) and on regional radiosonde observations (in Santo Domingo, around 300 km to the north, and Puerto Montt, around 500 km to the south) (not shown). Similar barrier jet processes were observed for tornadoes in the Sacramento River valley in California (Hanstrum et al., 2002) , in a region topographically and climatologically similar to south-central Chile. Thus, it appears that in this case, a low-level jet was part of the larger synoptic-scale pattern, and flow blocking in the vicinity of Los Angeles could have locally increased the wind speeds in the lower atmosphere to values even greater than B.S. Barrett, et al. Atmospheric Research 236 (2020) 104811 the synoptic-scale pattern. That possibility of flow enhancement was investigated using output from the WRF model (and results are shared in the next subsection). The surface conditions observed at Los Angeles indicated a nearly saturated atmosphere throughout the day of 30 May 2019, with air temperatures near 15°C and dew point temperatures near 14°C (Fig. 5a ). Near the time of the tornado (leftmost vertical brown line in Fig. 5 ), surface pressures were slowly rising (Fig. 5b) , perhaps in response to westward translation of the surface low pressure center closer to the 500-hPa trough axis (and away from Chile). Surface winds were from the northwest between 2.5 and 5 m s −1 throughout the day (Fig. 5c ), which suggested the presence of low-level and deep-layer shear when paired with 850-hPa winds from the northwest near 20 m s −1 (Fig. 4b ) and 500-hPa winds from the west near 25 m s −1 (Fig. 4a ). In the six hours after the tornado occurred (from 1800 local time 30 May 2019 to 0000 local time 31 May 2019), no appreciable change in temperature, dew point temperature, or wind direction or speed was observed (Fig. 5) .
Infrared brightness temperatures ( Fig. 6a-e ) and GLM and WWLLN lightning flashes (Fig. 7a) highlight the cellular nature of the convection in the hours leading up to the tornado in Los Angeles. Brightness temperatures colder than −50°C were observed in several of the cellular thunderstorms around the time of the tornado (Figs. 6c-e ), suggesting that cloud tops reached approximately 10,000 m (or approximately 32,000 ft). Lightning observations confirmed the storm motion (from northwest to southeast), and lightning flash swaths suggested that the storm that produced the tornado in Los Angeles moved from approximately 320°and was accompanied by at least four other nearby storms (i.e., within 200 km and 2 h of the Los Angeles tornado). Curiously, the Los Angeles tornado occurred around 2200 UTC, and there are few lightning strikes observed after that time, suggesting the storm weakened just after producing the tornado (e.g., Schultz et al., 2009; Stough et al., 2017) . There was also no observed "jump" in lightning occurrence just prior to the tornado.
Synoptic conditions on 31 May 2019 were similar to the conditions observed on 30 May 2019, although the greater coverage of cold IR brightness temperatures ( Fig. 6f-j) suggests a greater coverage of convection on 31 May as compared to 30 May. At 500 hPa, a positively tilted trough persisted near 80°W (or 300 km to the west of the coast of south-central Chile; Fig. 8a) , and a northwesterly 850-hPa jet (with speeds near 25 m s −1 ) continued to intersect Chile in the region near Concepción (Fig. 8b) . A region of anomalous low pressure (−15 hPa) was centered near 40°S 80°W (Fig. 8c) , in a position about 100 km to the east of its position the day before. Positive θ e advection (Fig. 8e ) and a tongue of higher surface temperatures and higher dew point temperatures along the coast supported CAPE values of 200-400 J kg −1 , which were 100-200 J kg −1 lower than the day before ( Fig. 4d ) but still 2-4 times larger than the climatological mean value.
Surface conditions in Concepción ( Fig. 9 ) indicated that the surface temperature rose slightly during the morning and early afternoon (from 13°to 15°C). Dew point temperatures decreased in the morning to near 10°C, but increased again between 1030 and 1400 local time to near 14°C (Fig. 9a ), supporting positive θ e advection seen in reanalysis (Fig. 8e ). Both temperature and dew point temperature values on 31 May 2019 were similar to 30 May 2019. Surface pressures fell from around 9 pm local time 30 May 2019 until the time of the tornado (2 pm local time 31 May; Fig. 9b ), indicating the approach of the synoptic-scale surface low. Pressures rose immediately following the tornado, and wind direction changed subtly to the northwest, possibly associated with the passage of a mesohigh in the wake of the mesoscale convective system (Johnson, 2001) or with the passage of the surface pressure trough. Surface winds were stronger on 31 May 2019 (nearly 10 m s −1 ) and from the north-northeast (compared to < 5 m s −1 in Los Angeles and from the northwest). The stronger and more backed surface winds were possibly the result of greater terrain-induced flow blocking and the strengthening of a barrier jet (Viale and Nuñez, 2011) as the upper trough approached, a factor that would have been more prominent on 31 May than on 30 May. These conditions indicate that low-level and deep-layer vertical wind shear were higher in Concepción on 31 May 2019, while CAPE values were higher in Los Angeles on 30 May 2019. Those ingredients are examined in more detail in the following section using output from the WRF model. IR brightness temperatures ( Fig. 6f-j) were overall 5-10°C colder on 31 May 2019 than on 30 May 2019, suggestive of cloud tops nearer 11,000 m (36 000 ft). Thus, even though the overall surface temperatures and dew point temperatures on 31 May 2019 were slightly cooler, and CAPE values slightly lower, the colder brightness temperatures support the argument for vigorous deep convection, perhaps even more vigorous than on 30 May 2019. Furthermore, the coverage of cold brightness temperatures near the time of the tornado (Fig. 6h-j) suggests that the tornadic thunderstorms could have been embedded in a larger convective system. Indeed, at the time of the Concepción tornado (Fig. 6i) , the city was located on the northwest edge of a thunderstorm with high brightness temperature gradient, a characteristic that has been associated with local thunderstorm severity (Bedka et al., 2010) .
In addition, the overall coverage and linear nature of lightning flash locations in the several hours leading up to the tornado (Fig. 7b) supports the idea that storms were semi-discrete with an overall movement to the southeast. Lightning flash swaths indicate a storm motion from 330° (Fig. 7b) . This pattern is similar between the two days, suggesting the two tornadoes formed in similar synoptic-scale conditions.
Mesoscale conditions during each tornado
Output from a high-resolution simulation from the WRF model was analyzed to better understand the mesoscale conditions present during each tornado. Before analyzing those conditions, model radar reflectivity (at the lowest model sigma level, closest to the surface) was examined and compared to IR satellite at the corresponding time (Chile does not yet have operational weather radar). On 30 May 2019, WRF Fig. 8 . As in Fig. 2 , but for 1200 UTC 31 May 2019. Fig. 9 . As in Fig. 5 , but for the Concepción observing station.
B.S. Barrett, et al. Atmospheric Research 236 (2020) 104811 model reflectivity at 2130 UTC (about 30 min prior to the tornado) showed two broad regions of linear-structure convection, one about 100 km to the northeast of Los Angeles and the other about 200 km to the southwest of Los Angeles (Fig. 10a ; Los Angeles is indicated by the easternmost marker in the figure) . Smaller, cellular convection was present to the northwest of the linear elements. IR satellite at 2120 UTC also featured deep convection to the northeast of Los Angeles (Fig. 6c ), but the satellite signature suggests the convection was more cellular, and closer to Los Angeles than indicated in the WRF simulation. At 2150 UTC, the tornadic thunderstorm is seen in IR imagery over the city of Los Angeles (Fig. 6d ), while WRF simulation has just initiated convection 10 km to the southeast of Concepción (Fig. 10b) . At 2220 UTC, IR satellite imagery indicates cellular convection to the east-southeast and north-northwest of Los Angeles (Fig. 6e ), while the WRF simulation at 2230 UTC (Fig. 10c ) has cellular convection with maximum reflectivity over 45 dBZ approximately 10 km to the north of Los Angeles. This convection intensified in the model, and by 2300 UTC (Fig. 10d) , the WRF simulation has a small, curved convective element over Los Angeles with a shape similar to the "kidney bean" structure mentioned by others (Moller et al., 1990; Doswell III, 1998; Parker, 2010) that can be suggestive of supercell characteristics. Furthermore, maximum simulated updraft helicity in the 2-5-km layer on 30 May 2019 showed several southeastward-moving swaths (Fig. 11a) , suggestive of at least transient updraft rotation in the stronger convective elements. Moreover, for cold-season convection, a shallower updraft helicity layer (perhaps 1-3 km) may be more appropriate than the 2-5-km layer, although that was not tested here. Thus, while the timing was approximately 1 h delayed, the WRF simulation produced discrete, cellular (and suggestive of supercellular) convective elements near the city of Los Angeles on the afternoon of 30 May 2019, with structure, coverage, and motion similar to IR satellite observations. As mentioned earlier, the convective evolution of 31 May 2019 was more complex than 30 May 2019, due to the more widespread nature of the convection. IR imagery (Fig. 6g-j) from 60 min prior to the tornado to 30 min after the tornado suggest that convection was loosely organized in linear and mesoscale convective system (MCS) structures, with the tornadic convective element in Concepción located on the trailing (northwest) fringe of the MCS as it moved from over water to over land. The WRF simulation captured this evolution relatively well in both timing and space. For example, at 1700 UTC, one hour prior to the tornado, the WRF simulation featured a curved line of broken convective cells up to 100 km north and northwest of Concepción (Fig. 12a) . By 1730 UTC, the simulated convection had moved closer to the coast, with individual convective elements remaining on the northwestern fringe of the overall MCS (Fig. 12b) . At 1800 UTC, the WRF simulation featured a broken line of semi-discrete convective cells extending in a north-south line approaching Concepción (Fig. 12c) . Between 1800 and 1830 UTC, the model moved the line to the east, while individual cells moved south-southeast (Fig. 12d ). Furthermore, simulated updraft helicity in the 2-5-km layer showed many southeastward-moving swaths (Fig. 11b) , suggestive of updraft rotation in many of the convective elements. This evolution compares well with IR imagery and lightning observations, suggesting that the WRF model also reproduced reasonably well the convective processes on 31 May 2019.
Based on the WRF simulation, the mesoscale ingredients present on 30 May 2019 at the time of the tornado (2150 UTC) included the following: (1) a strong north-northeasterly surface wind (4.4 m s −1 ) associated with an area of surface low pressure 500 km to the southwest (Fig. 13a); (2) 0-3-km SRH of −253 m 2 s −2 (values are negative because the cyclonic rotation is in the Southern Hemisphere; Fig. 13b); (3) LCL height of 713 m (Fig. 13c) ; (4) surface to 900 hPa shear (an approximation of the 0-1-km shear) of 13 m s −1 (Fig. 13d) ; (5) surfacebased CAPE of 163 J kg −1 (Fig. 14a) ; and (6) surface to 500 mb shear (an approximation of the 0-6-km bulk shear) of 13.0 m s −1 (Fig. 14c) . To avoid possible convective contamination, those values are reported by averaging nine model grid points surrounding Los Angeles with dBZ < 20.
The overall mesoscale ingredients present at the time of the tornado (1800 UTC) on 31 May 2019 were similar to 30 May, in that both featured "low-CAPE, high-shear" environments, but 31 May 2019 featured lower CAPE and higher shear. The surface low pressure was < 100 km from Concepción (Fig. 15a) , with higher values of 0-3-km SRH (−688 vs −253 m 2 s −2 ) (Fig. 15b) , 0-1-km shear (17 vs 13 m s −1 ) (Fig. 15d) , and 0-6-km shear (21.4 vs 13 m s −1 ) (Fig. 14d ). The WRF simulated CAPE values at the nine non-convectively contaminated grid points around the tornado location on 31 May 2019 were lower than on 30 May (Fig. 14a-b ), but in both simulations, reservoirs of CAPE approaching 1000 J kg −1 were located < 100 km from each city. These reservoirs of higher CAPE were also located in the regions where convective initiation occurred on each day.
The mesoscale conditions on each day were very similar to the low-CAPE (≤ 500 J kg −1 ), high-shear environments (deep-layer bulk shear ≥18 m s −1 and low-level bulk shear ≥10 m s −1 ) identified by others as favorable for cool-season tornadoes (Hanstrum et al., 2002; Davies, 2006; Guyer et al., 2006; Schneider et al., 2006; Brooks, 2009; Sherburn and Parker, 2014; Mulder and Schultz, 2015; Sherburn et al., 2016; King et al., 2017; Childs et al., 2018) . Even though SSTs were 0.5-1°C below normal adjacent to the coast (Figs. 2f, 3f, 4f, and 8f) , WRF simulated reflectivity suggests that the temperature difference between relatively warm water (14-15°C) and cold air aloft in the trough may have helped increased updraft intensity by steepening low-level lapse rates, particularly for post-frontal convection forming offshore and moving onshore. A similar process was suggested by Sioutas and Keul (2007) for tornadoes moving onshore from the Ionian Sea. This is also similar to the enhancement of tornado activity by relatively warm SSTs found by Hales (1985) for tornadoes in Los Angeles, California. The role of SST in providing or enhancing the environment favorable for these Chilean tornadoes was not further examined in this study, and is suggested as an area for future work.
Finally, output from the WRF simulation indicates a southward lowlevel jet over the region as the synoptic-scale cyclone approached (Fig. 16 ). Meridional winds in the 900-700-hPa layer near the time of each tornado were approximately 10 m s −1 on 30 May (Fig. 16b ) and in excess of 20 m s −1 on 31 May (Fig. 16e ) (both from the north), and those strong winds extended from the coastline eastward to the Andes cordillera. The horizontal structure of the northerly jet, with an increase in magnitude from west to east and a maximum immediately upstream of the topography (Fig. 16b,e ), suggests flow blocking by the Andes (Viale and Norte, 2009) . The low-level jet is also evident up to 200 km offshore (west) of Chile, suggesting that the jet was likely a combination of synoptic-scale factors (associated with the surface cyclone) and mesoscale factors (associated with flow blocking). This lowlevel jet was important in increasing the low-level environmental helicity during each tornado, but was not investigated further in this study. The role of the low-level jet and its interaction with the topography is suggested as an area for future study.
The subseasonal context
The subseasonal context was the final element examined of this twoday tornado event in south-central Chile. It is well known that the tropical MJO has significant impacts in South America during the Fig. 15 . As in Fig. 12 , but valid at 1800 UTC 31 May 2019.
B.S. Barrett, et al. Atmospheric Research 236 (2020) 104811 austral winter, both via effects from the propagatign MJO itself (Alvarez et al., 2016; Grimm, 2019) and teleconnections stemming from Rossby wave trains propagating from Eastern Hemisphere convective heating sources (Barrett et al., 2012b; Juliá et al., 2012; Jacques-Coper et al., 2015; Rondanelli et al., 2019) . From May to June 2019, a very to extremely active MJO event (following the definition of LaFleur et al., 2015) moved from the Indian Ocean, through the Maritime Continent and western Pacific Ocean, and into the Western Hemisphere (Fig. 17c) . The time-averaged MSLP anomalies for 27-31 May 2019 (Fig. 17b ) resembled composite anomalies for MJO phases 1 and 2 for the months of May and June 1981-2019 ( Fig. 17a ). (Phases 1 and 2 were selected for comparison because the tornadoes occurred while the MJO was in those phases; Fig. 17c ). In particular, in both the climatological (Fig. 17a) and observed (Fig. 17b ) MSLP fields, anomalous low pressure can be seen to the west of Chile as part of a large-scale wave pattern across the South Pacific. Furthermore, time-averaged anomalies of both 500-hPa height (Fig. 18b ) and 2-m dew point temperature (Fig. 18d) for 27-31 May 2019 also resembled composite anomalies for MJO phases 1 and 2 for May and June 1981-2019 ( Fig. 18a and c) . This agreement suggests that the surface low pressure, 500-hPa trough, and increased surface moisture that were associated with the tornadoes of 30-31 May 2019 are all an expected part of the subseasonal atmospheric evolution during MJO phases 1 and 2 in the months of May and June. Similar results were obtained with corresponding fields of the reanalysis lifted index (not shown). Furthermore, the 500-hPa wave train (Fig. 18b ) was similar to the ray tracing found by Rondanelli et al. (2019) , indicating that the evolution of the large-scale tropospheric circulation over the second half of May 2019 was at least partly associated with the strong MJO event in progress. 
Conclusions and discussion
On consecutive days in late May 2019, tornadoes occurred in the cities of Los Angeles and Talcahuano/Concepción in south-central Chile. The main goal of this study was to examine the two-day event from (1) the synoptic-scale, using reanalysis data and surface observations; (2) the mesoscale, using satellite observations and a high-resolution regional NWP model; and (3) the subseasonal scale, using timeaveraged and historical composite analyses. The synoptic pattern evolution featured an anomalous mid-troposphere trough at 500 hPa to the west of Chile, with a cyclonic low-level jet centered near 850 hPa and surface low pressure located along the coast. Surface and lower-tropospheric winds from the north-northeast, north, and north-northwest aided in establishing a humid air mass associated with positive θ e advection on the days leading up to each tornado. Above-normal values of CAPE, of order 500 J kg −1 (higher on 30 May and lower on 31 May), were associated with each tornado. Similarly high values of low-level (0-1-km) and deep layer (0-6-km) bulk shear (near 15 m s −1 on 30 May and 20 m s −1 on 30 May), and high values of 0-3-km SRH (−300 m 2 s −2 on 30 May and − 800 m 2 s −2 on 31 May), were also present on each day. Finally, low LCLs, lower than 650 m, were present each day. All of those parameters agree well with studies that have examined tornado formation in "low CAPE-high shear" environments.
Given the mesoscale parameter space, IR satellite evolution, lightning patterns, and simulated WRF reflectivity and updraft helicity on both days, the evidence suggests that both of these tornadoes were likely products of supercell thunderstorms. Storm motion estimated from lightning flash swaths on 30 May was from 320°, while on 31 May it was from 330°, suggesting similar synoptic steering conditions. Indeed, calculations using the Bunkers et al. (2000) technique for leftmoving supercells gave storm motion estimates of 295-305°on 30 May and 300-320°on 31 May; the agreement between the Bunkers method and observed lightning swaths and WRF simulated reflectivity and helicity suggests that the storms on both days were supercellular.
The threats posed by supercell thunderstorms (strong winds, large hail, and tornadoes) were perhaps not seriously considered by forecasters for the marine-like climate zones of Chile prior to 2019 (i.e., Brooks et al., 2003) . Thus, an important result from this paper is that forecasters should be aware of the possibility for thunderstorm rotation and tornadoes when the synoptic and mesoscale parameters resemble those seen on 30 and 31 May 2019. Additionally, the WRF simulation results indicate that CAPE values approaching 1000 J kg −1 were located just offshore of Chile, perhaps connected to anomalously warm sea surface temperatures either offshore of Chile or to the bay region of Concepción (not shown). Furthermore, the Andes topography may have played an important role in changing the orientation and enhancing the speeds of the low-level jet via flow blocking, on both days but particularly on 31 May 2019, when wind speeds in the lower troposphere just above the surface (up to about 700 mb) were high in both reanalysis and the WRF simulation. This modulation would agree with Viale and Norte (2009) , who found that flow blocking in central Chile acts to increase winds speeds in the lower troposphere, from just above the surface up to about 700 hPa. These greater winds thereby likely increased shear values in the vicinity of both Los Angeles and Concepción. A more robust examination of the contribution of SST anomalies and flow blocking by the Andes to the conditions that favored these tornadic thunderstorms is suggested as future work.
Another important result of this study is to highlight potential connections between this event and the larger scale, low-frequency evolution of the atmosphere. The anomalous 500-hPa trough to the west of south-central Chile played an important role creating conditions favorable for the development of the tornadoes, and the surface pressure and 500-hPa height patterns of late May 2019 were similar to the historical pressure and height composites for MJO phases 1 and 2 during the months of May-June. Furthermore, the 500-hPa wave pattern was similar to the ray paths found by Rondanelli et al. (2019) for MJO-driven teleconnections in Chile. Given that the slower-evolving MJO now has predictability out to 3-4 weeks (Lim et al. 2018) , it thus seems possible to anticipate some extreme events beyond the typical synoptic time window of 8-10 days (Grazzini and Vitart, 2015; Weber and Mass, 2019) . Thus, future work is suggested to link extreme synoptic-scale events, including in Chile, to slower-evolving, larger scale processes.
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